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[57] ABSTRACT

Clockwise and counterclockwise light beams, which
have a Sagnac phase difference caused by an angular
rate in an optical fiber coil, are combined into interfer-
ence light, which is converted by a photodetector into
an electrical signal. A sine component and a cosine
component of the Sagnac phase difference A®; in the
output of the photodetector are detected by first and
second synchronous detectors, respectively, and the
sine component 1s used as the fiber optic gyro output
and it 1s provided to a correcting signal generator to
produce a correcting signal. The detected cosine com-
ponent is added by an adder to the correcting signal,
and the added output is compared by a differential am-
plifier with a reference voltage and the resulting error
signal is produced. The error signal is applied to an
integrating filter, the output of which is used to control
the quantity of light to be emitted from a light source or
the gain of the photodetector output, forming a feed-
back loop so that the error signal is reduced to zero.
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16

' N 1 12 13
TN oy

.

16

Io
23 17
PO
_ vp

18 19
SYNC vi 21
L
Sr |

24 ,22
REF SIG LSr.IMOD .
GEN DRIVER Sp



U.S. Patent May 2, 1995 Sheet 2 of 9 5,412,472




U.S. Patent May 2, 1995 Sheet 3 of 9 5,412,472

FIG. 3A

c 20

/
RNy an
T AT
10 —F 4
AL DT

]
ol L LT ]

024 6 810121 16 18 20 22 24 26 28 30 32 34 36 3840 42 44 46
PHASE DIFFERENCE 4¢s (deq)

%)

R

ER

LINEARIT

_ FIG. 38
0007

D
0.005 i
ENNRNERREEERNEEERRRERN
0.004
ANNRNSNRENENERERRRRRNDA
0.003 -
ooz d L LT T

ERNANEEREERREEEREEREVAR
0.001
vogp b L L L T T T T

h.

oo LT T T

0 2 4 6 81012 14 161820 22 24 26 28 30 32 34 36 38 40 4244 46
~ PHASE DIFFERENCE 49s (deg)

LINEARITY ERROR (%)



U.S. Patent May 2, 1995 Sheet 4 of 9 9,412,472

V1

10 FIX)=J2(X)*+Km- Ju(X) .
. Km=206




Sheet 5 of 9 5,412,472

May 2, 1995

U.S. Patent




U.S. Patent May 2, 1995 Sheet 6 of 9 5,412,472

FIG. 6A

A TR I T T T T
o T T S
S T T SN T
o T T N T
s I T T T T SN T
o I T T T N
b Illlllllllllllllll==l=lll

LINEARITY ERROR (%)

0 2 46 8101214161820 22 2426 28 30 32 34 36 38 40 4244 LG
' PHASE DIFFERENCE 4%s (deg]

FIG. 68

0.001

0.000
-0.001
2. -0.002

_ — ,
By A O AN

By A I AV

000641 L LT T TP TP T T T
0007 AL LT T TV T T T T T T T TR

~0.008 I T T g
B3 I I AL
010 I T T T T ey

“oota 1 TV
oot I I T T T et
024 6 81012 14161820 222426 28 303234 3638404244 46

PHASE DIFFERENCE A9< (deg)

%)

LINEARITY ERROR




U.S. Patent May 2, 1995  Sheet 7 of 9 5,412,472

FG. 7




5,412,472

Sheet 8 of 9

May 2, 1995

U.S. Patent

LC

EA

...11.

Hmo
uz>m

huo
uz>m

hmo
uz>m

8l

91

e
§ Ol

N9
OIS

=Ele

[

aA| _

66 L.

L.

(
Al

Jtg ©

[

ST
L

ST



U.S. Patent May 2, 1995 Sheet 9 of 9 5,412,472

FIG. 10
Vs 27
Vs
AS e Vss } Ve

I e 31
Vs_ - Ty } Ve
S R 3 23
(258 R
ot
FIG. 12 ‘
____/27



5,412,472

1

OPTICAL-INTERFERENCE TYPE ANGULAR
VELOCITY OR RATE SENSOR HAVING AN
OUTPUT OF IMPROVED LINEARITY

This applicati&n is a continuation of Okada applica-
tion Ser. No. 08/059,665 May 12, 1993.

BACKGROUND OF THE INVENTION

The present invention relates to an optical-interfer-
ence-type angular VELOCITY OR rate sensor wherein
clockwise and counterclockwise light beams (hereinaf-
ter referred to as CW and CCW light beams) are passed
through an optical path forming at least one loop and
the phase difference between the CW and CCW light
beams 1s detected to thereby measure an angular rate
applied to the optical path about the axis thereof.

A description will be given, with reference to FIG. 1,
of a conventional optical-interference-type angular rate
sensor. It must be noted here that both the prior art and
the present invention will be described in connection
with a fiber optic gyro of the type employing an optical
fiber as the above-mentioned optical path.

Light I from a light source 11 passes through an
optical coupler 12, a polarizer 13 and an optical coupler
14 and then enters into an optical fiber coil 15 from its
~ opposite ends. CW and CCW light beams which propa-
gate through the optical fiber coil 15 are phase modu-
lated by a phase modulator 16 disposed between one
end of the optical fiber coil 15 and the optical coupler
14. The two phase-modulated light beams are combined
by the optical coupler 14 into interference light, which
1s provided via the polarizer 13 to the optical coupler 12
and then branched therefrom to a photodetector 17 for
photoelectric conversion.

With no angular rate ) applied to the optical fiber
coil 135 1n its circumferential or peripheral direction, the
phase difference between the two light beams in the
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optical fiber coil 15 is zero ideally, but the application of 4,

an angular rate causes a Sagnac phase difference A®;

which is expressed by the following equation:

4
where C is the velocity of light, A is the wavelength of

light in a vacuum, R is the radius of the optical fiber coil
15 and L 1s the length of the optical fiber of the optical
fiber coil 15.

Based on a reference signal S, of a frequency f,, from
a reference signal generator 24, a phase modulation
driver 22 generates a drive signal S, of the same fre-
quency f,, and applies it to the phase modulator 16.
I etting the phase modulation of the CW and CCW light
beams by the phase modulator 16 be represented by
P(t)=Asinwnt,, the photoelectric conversion output
Vp of the photodetector 17 can be expressed by the
following equation:

Vo=(I/2)KopKpa{1 +cosADfZ e — 1)1 (X)cos2n-
Wmt’] —sinAPJ22(— 1), 4. 1(X) co

(2n+ Domt']} (2)
X=2A-
sin{(H

2: summation operator from n=0 to infinity;
A: modulation index; |
om:angular frequency of phase modulation

- (0m=27fm);
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7: time for the propagation of light through the opti-
cal fiber coil 15;

t': t—71/2;

€x 1 for n=0, €,=2 for n=1;

Kop: optical loss on the emitted light I from the light
source 11 which 1s caused or imposed by the optical
path to the photodetector 17 via the optical fiber coil 15;

Kpd: constant which is determined by a photoelectric
converston coefficient, an amplifier gain and so forth;

I: quantity of light emitted from the light source 11:

I,» maximum quantity of light which reaches the
photodetector 17 (I,=K,,.I);

Jn: Bessel function of the first kind: and

Ad,: Sagnac phase difference between the CW and
CCW light beams in the optical fiber coil 15.

The output Vp of the photodetector 17 is applied to
a synchronous detector 18, wherein the same frequency
component as the phase modulation frequency f,,, that
1s, the fundamental harmonic component in Eq. (2), is
synchronously detected by the reference signal S, of the
same frequency from the reference signal generator 24.
The detected output is applied to a low-pass filter 19,
wherein its AC component is cut off, and the DC level
corresponding to the fundamental harmonic component
(1.e. the component of the frequency f,;) in Eq. (2) is
taken out with a proper gain, as the output of the fiber
optic gyro (hereinafter referred to as an FOG output) at
an output terminal 21.

The FOG output Vi is expressed by the following
equation:

v ()

—
warbria

I - KopKpadJ1{X)K 41 - sinAdy
Kj - sinAdg

where K 41 is the total gain of the synchronous detector
and the low-pass filter 19.

Hence the mput angular rate {0 can be detected by
measuring the output V; of the low-pass filter 19.

A signal corresponding to the phase difference A®;
could be detected as the FOG output by the synchro-
nous detection of an arbitrary one of the frequency
components in Eq. (2), but it is customary in the art to
detect the sinAPscomponent (an odd harmonic compo-
nent or simply called a sine component) which can be
detected with the highest sensitivity when the phase
difference A®d;is around zero. The detected output of
such an arbitrary odd harmonic component can be ex-
pressed by changing the suffixed numerals in Eq. (4) to
a value representing the selected odd harmonic.

The synchronously detected output Vi of the fiber
optic gyro corresponding to the odd harmonic compo-
nent (the fundamental harmonic component in this ex-
ample) is a sine function using the phase difference Ad;
as a varlable, as 1s evident from Eq. (4) and, therefore, if
the phase difference A®;is sufficiently small, it can be
regarded approximately to be equal to the sinA®;com-
ponent. Hence the FOG output Vi given by Eq. (4)
exhibits an excellent linearity with respect to the phase
difference Ad;, but an increase in the phase difference
A®d; causes an increase in the linearity error. For exam-
ple, when the phase difference Ad;is 45°, a 10% linear-
ity error is induced .

Moreover, as is evident from Eq. (4), K is a propor-
tional coefficient, and remains unchanged under stable
circumferential conditions, but elements forming the
coefficient K1 have some temperature coefficients and
the input/output gain K of the fiber optic gyro, that is,



5,412,472

3

its scale factor varies with temperature. For instance,
the first-order Bessel function J1(X) 1s relatively stable
with respect to a temperature change of the phase mod-
ulation index A when the phase modulation index A 1s
chosen such that X=1.84, and the constant K,7and the
gain K 4 essentially have small temperature coefficients.
However, there 1s a possibility that the optical loss K,
varies about 30% when temperature changes in the
range from —20° C. to +70° C.

SUMMARY OF THE INVENTION

10

A first object of the present invention is to provide an

optical-interference-type angular rate sensor which
yields an output of improved linearity with respect to an
input angular rate.

A second object of the present invention 1s to provide
an optical-interference-type angular rate sensor with
improved temperature dependence of its scale factor.

According to a first aspect of the present invention,
there 1s provided an optical-interference-type angular
velocity or rate sensor wherein light from light source
means 1s branched by branch means into clockwise and
counterclockwise light beams for propagation through
an optical path forming at least one loop, the clockwise
and counterclockwise light beams, after having propa-
gated through the optical path, are caused by interfer-
ence means to interfere with each other, the clockwise
and counterclockwise light beams are phase modulated
by phase modulator means disposed in series between
the branch means and one end of the optical path, the
intensity of the interference light is detected as an elec-
trical signal by photodetector means, and the sine com-
ponent of the Sagnac phase difference A®; which 1s
caused by an angular rate applied to the optical path
around its axis is demodulated by first demodulator

means from the electrical signal to obtain an output of

the angular rate sensor whereby the angular rate is
detected, the optical-interference-type angular rate sen-
sor including: second demodulator means for demodu-
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lating the cosine component of the phase difference 40

A®d, from the electrical signal; means for generating a
scale factor stabilizing signal on the basis of the cosine
component from the second demodulator means; cor-
recting signal generator means for generating a correct-

ing signal for improving the linearity of the output of 45

the angular rate sensor, the correcting signal being gen-
erated on the basis of a monomial or polynomial (here-
inafter also referred to as “integral expression” which is
a generic term representing a monomial and a polyno-
mial) 1n which the sine component from the first de-
modulator means is used as a variable; adder means for
adding the correcting signal to the scale factor stabiliz-
ing signal; reference voltage generating means for gen-
erating a reference signal; comparator means for com-
paring the output of the adder means with the reference
voltage signal and for generating an error signal; and
feedback loop means for controlling the intensity of the
interference light to the photodetector or the level of
the electric signal output from the photodector means
so that the error signal is reduced to zero.

According to a second aspect of the present inven-
tion, there is provided an optical-interference-type an-
gular rate sensor wherein light from light source means
1s branched by branch means into clockwise and coun-
terclockwise light beams for propagation through an
optical path forming at least one loop, the clockwise
and counterclockwise light beams, after having propa-
gated through the optical path, are caused by interfer-
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4

ence means to interfere with each other, the clockwise
and counterclockwise light beams are phase modulated
by phase modulator means disposed between the branch
means and one end of the optical path, the intensity of
the interference light is detected as an electrical signal
by photodetector means, and the sine component of the
Sagnac phase difference A®; which is caused by an
angular rate applied to the optical path around its axis 1s
demodulated by sine component demodulator means

from the electrical signal to thereby detect the angular
rate, the optical-interference-type angular rate sensor
including: first and second cosine component demodu-

lator means for demodulating first and second cosine
components of the phase difference from the electrical
signal; first subtractor means for calculating the differ-
ence between the first and second cosine components;
modulation control means for controlling the modula-
tion index of the phase modulator means on the basis of
the output of the first subtractor means so that the first
and second cosine components are equal to each other;
cosine component combiner means for combining the
first and second cosine components at a predetermined
rati0 Into a composite cosine component; comparator
means for comparing a signal corresponding to the
composite cosine component with a predetermined
value and for generating an error signal; and feedback
loop means for controlling the intensity of the interfer-
ence light to the photodetector means or the level of the
electrical signal output from the photodetector means
so that the error signal is reduced to zero.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram showing a conventional
optical-interference-type angular rate sensor;

FIG. 2 1s a block diagram illustrating an embodiment
of the present invention;

FIG. 3A is a graph showing an example of a scale
factor linearity error of the conventional optical-inter-
ference-type angular rate sensor; |

FIG. 3B 15 a graph showing a scale factor linearity
error of the embodiment according to the present in-
vention;

FIG. 4 is a block diagram illustrating a specific opera-
tive example of a correcting signal generator 27 in FIG.
2;

FIG. 5 is a block diagram illustrating another em-
bodiment of the present invention;

FIG. 6A i1s a graph showing an example of the linear-
ity error that occurs when no correcting signal is read.

FIG. 6B is a graph showing the improved linearity
achieved by use of a correcting signal in accordance
with the present invention.

FIG. 7 1s a block diagram illustrating another em-
bodiment of the present invention;

FIG. 8 1s a block diagram illustrating an embodiment
according to the second aspect of the present invention;

FIG. 9 1s a graph showing Bessel functions: |

FIG. 10 is a block diagram illustrating the principal
part of a modified form of the FIG. 8 embodiment;

FIG. 11 1s a block diagram illustrating the principal
part of another modified form of the FIG. 8 embodi-
ment; and

FIG. 12 1s a block diagram illustrating the principal
part of still another modified form corresponding to the
FI1G. 11 embodiment.
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- DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 2 illustrates in block form an embodiment of the
present invention, in which the parts corresponding to
those in FIG. 1 are identified by similar reference nu-
merals. A photoelectric conversion signal Vp from the
photodetector 17 is applied to the synchronous detector
18 forming first demodulator means as in the prior art,
wherein a component of the same frequency as the
phase modulation frequency f,, (i.e. the fundamental
harmonic component) is synchronously detected by a
reference signal S, from the reference signal generator
24. The thus detected output is fed to the low-pass filter
19, wherein a DC level signal corresponding to the
level of the fundamental harmonic component is ex-

tracted, and it is output with a predetermined gain, as

the FOG output Vi, to the terminal 21. The FOG out-
put Vi 1s expressed by Eq. (4). The photoelectric con-
version signal Vp is also applied to a synchronous de-
tector 25 forming second demodulator means, wherein
a frequency component twice higher than the phase
modulation frequency f,, is synchronously detected by a
reference signal Sp of the same frequency 2f,, from the
reference signal generator 24 and the detected fre-
quency component 1s extracted, by a low-pass filter 26,
as a DC component with a predetermined gain. The
output V;of the low-pass filter 26 obtained therefrom at
this time is a cosA®s component which is expressed by
the following eguation:

v, (5)

= 1« KopKpaJ2(X)K 43 - cOsAD;
= I, - K3cosAd;,

where K 47 is the total gain of the synchronous detector
25 and the low-pass filter 26 and K>=K,42.J2(X).K 42.
The thus detected cosine component, that is, the output
V2, 1s used as a signal to stabilize the scale factor.

In this embodiment, in order that a linearity error,
e=IKi(sinA®;—Ad;), of the FOG output V;, ex-
pressed by Eq. (4), with respect to the phase difference
A®; may be reduced to zero, a correcting signal Vc is
generated by a correcting signal generator 27 on the
basis of the output Vi and is added with the output V>
of the low-pass filter 26 in an adder 29. The output Vs
of the adder 29 is expressed by the following equation:

Vs (6)

—
p—

Va 4 Ve

IKy - cosAds + Ve

The correcting signal Vc is given by the following
polynomial of n-th degree of the sine component,
namely, the FOG output V1 in which the sine compo-
nent 1s used as a variable, where n=1, 2, 3:

Ve=Co+ CiV1+ GV + GNP+ + G-, (7)

The output Vs of the adder 29 is supplied to a differ-
ential amplifier 31, wherein it is differentially operated
with a reference voltage Vg from a reference voltage
generator 32. The error output Ve of the differential

amplifier 31 1s given by the following equation:

(8)

Ve Vpr — Vs

ViR — (IpK - cosAd; 4 Vo),
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6
where i1t is assumed that K; and K3 are pre-adjusted so
that K=K ;=K.

The output Ve of the differential amplifier 31 is ap-
plied to an integrating filter 33. The output of the inte-
grating filter 33 1s provided to a light source driver 23
which controls the quantity of light which is emitted
from the light source 11. Thus, the quantity of light I
from the light source 11 is controlled. Assuming that
Ver=IK+KRprand Co=0 are set at an initial stage, the
output Ve of the differential amplifier 31 is zero when
no angular rate 1s being applied, that is, when the phase
difference A®;between the CW and CCW light beams
in the optical fiber coil 15 is zero. Suppose that the
quantity of light I, reaching the photodetector 17 has
decreased due to an ambient temperature change. As a
result, the output Ve becomes a positive voltage on the
basis of Eq. (8). The positive voltage is applied to the
integrating filter 33, which in turn generates a positive
integrated voltage. The light source driver 23 is pre-
adjusted to increase the quantity of light I of the light
source 11 on the basis of the positive integrated voltage
and is controlled so that the input to the integrating
filter 33, that is, the output Ve of the differential ampli-

fier 31 is always zero. In consequence, the following
equation holds:

Ve=1I,K.cosAdbs+ Ve (%)
The FOG output V that is provided by the operation
of the aforementioned scale factor stabilizing system is

expressed by the following equation on the basis of Egs.
(4) and (9): |

Vi={(Kr— Vc)/cosAd}sinAd, (10)
Based on Eq. (10), the linearity error Li of the scale
factor is given by the following equation:

Li={[(Kr— Vc)/cosAd]-

(11)
In Eq. (11), if the correcting signal Vc¢ is zero, the Sag-
nac phase difference A®; increases, the linearity error
Increases, as seen from FIG. 3A which is a graph show-
ing the linearity error obtained by calculating the linear-
ity LI of the FOG output V1 by use of Eq. (11) when the
correcting signal Vc is zero. To improve this linearity
error, the respective coefficients Copto Cg for respective
terms 1n Eq. (7) expressing the correcting signal V¢ are
calculated by the least square method so that the numer-
ator in Eq. (11) becomes zero with respect to the Sag-
nac phase difference A®;, and the correcting signal Vc
1s generated by use of these calculated coefficients.
FIG. 3B is a graph showing the linearity error obtained
by calculating the linearity Li of the FOG output V;
detected by the angular velocity sensor having the com-
position shown in FIG. 2. In this case, the FOG output
V1 was produced and detected by generating the cor-
recting signal V¢ by use of data of the FOG outputs V|
produced when the Sagnac phase difference AA®, was
within the range of 0° to 40° and by finding the coeffici-
ents C1-C41n Eq. (7) which was modified to a polyno-
mial of the fourth degree of V; (Cp=0) and substituting
the found coefficients for the modified Eq. (7).

FIG. 4 1illustrates in block form a specific operative -
example of the correcting signal generator 27 which
generates the correcting signal Ve in the case where
Co=0 and k=4 in Eq. (7). At first, the signal Vi is
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rendered by an absolute value circuit 27A into the form
of an absolute value. While in this example the value of
the signal V1s changed into the corresponding absolute
value and made independent of the polarity of the input
angular rate, the correcting signal Vc could be pro-

duced without using such an absolute value representa-

tion. In this instance, however, to keep substantially the
same accuracy of correction as is obtainable with this
example, coefficients of higher order, that is, more mul-
tiplier means, are needed. The absolute value output

/V1i/ 1s fed to an amplifier 7A1, wherein 1t is amplified
by a factor of C; to provide a first-order correcting

signal V.1 =C;/V /. The absolute value output /Vi/ is
also squared by a multiplier 7M1 and 1s further ampli-
fied by a factor of C; in an amplifier 7A2, providing a
second-order correcting signal Vo=C2/V1/2. A multi-
plier 7M2 multiplies the output of the multiplier 7M1
and the output of the absolute value circuit 27A, and the
multiplied output is further amplified by a factor of Cs
in an amplifier 7A3 to provide a third-order correcting
signal V3=C3/V1/3, A multiplier 7M3 squares the
output of the multiplier 7M1 and the squared output is
amplified by a factor of C41n an amplifier 7A4 to pro-
vide a fourth-order correcting signal V4=Cs/V /4.
These correcting signals Vcl through Vc4 are added
together by an adder 27S and the added output is pro-
vided as the linearity correcting signal Vc. In this case,
the gains Cj, Cy, C3 and C4 of the amplifiers 7A1, 7A2,
7A3 and 7A4 are set to the same values as those of the
coefficients in Eq. (7).

Incidentally, the respective coefficients of the cor-
recting signal used to obtain the graph of FIG. 3B are as
follows:

C1 =-0.000109
Cr =0.03344
Ci= —0.000038

C4=0.0000268. The reference voltage Vr is set to
10V. By adding the correcting signal V¢ to the signal
V3 of an even harmonic component of the output from
the photodetector 17 as referred to above, the linearity
can be improved within 0.001% (within the range of
AP;=0" to 40°). While in the above description the
output of the integrating filter 33 is fed back to the light
source driver 23, it is also possible to obtain the same
results as described above by feeding back the output of
the integrating filter 33 to an automatic gain control
circuit 39 provided at the output side of the photodetec-
tor 17 to control the gain K,z in Eq. (2).

In the FIG. 2 embodiment the same frequency com-
ponent as the phase modulation frequency f,, is used as
the FOG output (i.e. the sine component output) Vi,
but other odd harmonic components such as third, fifth,
. . . harmonic components may also be used. Moreover,
the second harmonic component used as the cosine
component output V; may also be replaced with fourth,
sixth, . . . and other even harmonic components. Al-
though in the above description the output V3 is ex-
tracted by the synchronous detector 25, it is also possi-
ble to selectively extract a second or higher even har-
monic component from the output of the photodetector
17 by a band-pass filter and use the filter output as the
output V3 after rendering it into DC form.

The FIG. 2 embodiment has been described in con-
nection with the case of employing only one cosine
component (i.e., even harmonic component) to stabilize
the scale factor, but another method for suppressing the
FOG output variation which is caused by a change in
the quantity of light I, is disclosed in, for example,

10

15

20

25

30

35

40

45

50

33

60

65

8
Okada U.S. Pat. No. 4,883,358. According to this

method, predetermined sine and cosine components in
Eq. (2) are synchronously detected, the squared sum of
which 1s produced to generate the signal Vs such that
Vs(sin?A®; +cos?APg)=Vs and the quantity of light I
which is emitted from the light source 11 is controlled
so that the signal Vs reaches a fixed reference level.
FIG. 5 shows the application of this method to the
embodiment of FIG. 2.

In FIG. 5 the outputs Vi and V; from the synchro-

nous detectors 18 and-25 (which are assumed to include
the low-pass filters corresponding to those 19 and 26 in

FIG. 2, respectively) are squared by multipliers 34 and
35 and then added together by an adder 28. The output
Vs of the adder 28 is given by the following equation:
VS=Vi%+ Vo2, (12)
As described previously with respect to the FIG. 2
embodiment, by setting the respective gains K41 and
K42 such that K=K 1 Ji(X)Kpz=K £2J2(X)K 4, Eq.
(12) becomes as follows:
Vs=I,2K2(sin?A®s+cos?Ad ) =1,2K2. (13)
The output Vs of the adder 28 is applied to the adder
29, wherem 1t 1s added to the correcting signal V¢ ex-
pressed by Eq. (7) to produce a signal Vss. The output

Vss of the adder 29 is expressed by the following equa-
tion, using Eq. (13).

Vss=I,2.K*+ Ve (14)
The output Vss of the adder 29 is applied to the dif-
ferential amplifier 31, wherein it is differentially oper-
ated with the reference voltage Vx from the reference
voltage generator 32. The error output Ve of the differ-

ential amplifier 31 is given by the following equation:
Ve= Vg — Vss=Vg—I2K?—Ve.- (15)

The output Ve of the differential amplifier 31 is ap-
plied to the integrating filter 33 and, as is the case with
the FIG. 2 embodiment, the integrated output is pro-
vided to the light source driver 23 to control the quan-
tity of light I that is emitted from the light source 11.
Suppose that Vx=1,2K2 and Cy=0 are set at an initial
stage. When no angular rate is being applied to the
optical fiber coil 15, that is, when the phase difference
AP between the CW and CCW light beams in the
optical fiber coil 15 1s zero, Vc in Eq. (15) is zero, and
hence Ve by Eq. (15) is zero.

Now, let 1t be assumed that the quantity of light I,
reaching the photodetector 17 has been reduced by a
change in the ambient temperature. In this case, the
error signal Ve becomes a positive voltage on the basis
of Eq. (15). Suppose that this positive voltage is applied
to the integrating filter 33 to generate a positive inte-
grated voltage. Assuming that the light source driver 23
1S so adjusted as to increase the quantity of light from
the light source 11 with the positive integrated voltage,
it is controlled so that the input to the integrating filter
33, that 1s, the output Ve from the differential amplifier

31, 1s always zero. As a result, the following equation
holds: .

VrR=I2K*— Ve (16)
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The FOG output V1, which is provided by operating
such a quantity-of-light control circuit to stabilize the
scale factor, is given by the following equation on the
basis of Eqgs. (4) and (16).

e

V, I, - K - sinAd, (17)

Ve — Vc - sinad,

|

|

Based on Eq.' (17), the linearity error Li is given as
follows:

Li

(18)
(\IVR — Ve - sinAd — \l VR - Ad®y)/( "l VR - Adg X 100%

FIG. 6A is a graph showing the linearity error in the
case where the correcting signal Vc is zero in Eq. (18).
In the generation of the correcting signal V¢ to improve
the linearity, the respective coefficients Cothrough Crin
Eq. (17) are calculated by the least square method so
that the numerator in Eq. (18) may be zero with respect
to the Sagnac phase difference A®y, as in the case of the
FIG. 2 embodiment. FIG. 6B is a graph showing the
linearity error improved by the correcting signal Vc
produced with the coefficients Cp to C4 of up to fourth
order through utilization of data of the FOG output V|
obtained in the case of the Sagnac phase difference
aA®dbeing within the range of from 0° to 40°. Inciden-
‘tally, the respective coefficients of the correcting signal
which are determined by the least square method and
used to obtain the graph of FIG. 6B are as follows:

Co=0

C1=0.000997

Cr=—-0.3324

C3=0.01106

C4=—0.02808. The reference voltage Vg is set to
3.162 V. Also in the case where the conventional scale
factor stabilizing method disclosed in the afore-men-
tioned Okada U.S. patent 1s applied to the embodiment
of FIG. 2, the linearity error can be improved within
0.001% (within the range of A®;=0" to 40°). Although
the FIG. 5§ embodiment has also been described in con-
nection with the case where the output of the integrat-
ing filter 33 is fed back to the light source driver 23, it
. 1s also possible to obtain the same results as described
above by feeding the integrated output back to the
automatic gain control circuit 39 inserted at the output
side of the photodetector 17 to control the gain (part of
K,d) in Eq. (2).

FIG. 7 illustrates a modified form of the FIG. 2 em-
bodiment, in which the generation of the correcting
signal V¢ by the correcting signal generator 27 is simpli-
fied. Based on the fact that, of the aforementioned coef-
ficients Cp to Cq4, the second-order coefficient C, is
remarkably large as can be seen from their concrete
values which provided the results depicted in FIGS. 3B
and 6B, the correcting signal is generated in the form of
Ve=C,V 2, that is, by a with the other coefficients set
to zeros 1n Eq. (7).

The correcting signal generator 27 is made up of a
multiplier 27A and an amplifier 27B. The output Vi of
the low-pass filter 19 is squared by the multiplier 27A
and 1s amplified by a factor of C; in the amplifier 27B,
and the amplified output Ve=C3V2 is added to the
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- 10
output V3 of the low-pass filter 26. The output Vs of the

adder 29 is expressed by the following equation:

Vs=Vo+Co V%= V> + Ve (19)

By setting the gams K41 and K4 such that
K=K 1J:XK pq =K. 2232(X)K 4, Eq. (19) is expressed
by the following equation, using Eq. (5):
Vs= I, K(CalKsin?Ad s+ cosAD,) (20)
The output Vs of the adder 29 is compared, by the
differential amplifier 31, with the reference voltage Vg
available from the reference voltage generator 32, by
which the error signal Ve is yielded. Since the negative
teedback loop operates so that the error signal Ve is
reduced to zero, the following equation holds:
V R=I,K(Col ,Ksin*Ad s+ cosAd,) (21)
By setting I, K=Z and solving Eq. (21) with respect
to Z, the following equation is obtained:

Z={—1+(14+4CVrtanAD )} /(2 CotanAd;.-
sinAd)

(22)

By substltutmg Eq. (22) for IgKoprdJ 1(X)K =I-
K=Z in Eq. (4), the FOG output Vi is expressed by
the following equation:

(23)

—
b—

2VRtanA®y/{1 + (1 + 4C;VrtanAdy:}.

Eq (23) has nothing to do with the quantity of light I,
and hence the scale factor is stabilized with respect to a
temperature change. Furthermore, the linearity is also
higher in accuracy than in the case of approximating the
FOG output by tanA®;alone, since tanAd;is corrected
by the denominator in Eq. (23) with an appropriate
selection of the value C;. The linearity error Li of the
FOG output is given by the following equation:

Li={2tanA®y/[1 +(1 +4C, VitanAdy)

]— A} + Ad X 100%. (24)

The coefficient C; is computed such that the linearity

error is minimum within a predetermined range of the
phase difference, and the coefficient is set as the gain of
the amplifier 27B in FIG. 7.

In the FIG. 7 embodiment the component of the same

50 frequency as the phase modulation frequency f,, is ex-
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tracted, as the sinA®; component, by synchronous de-
tection, but other odd harmonic components such as the
third, fifth, . . . harmonic component may also be ex-
tracted. Moreover, the second harmonic component
used as the cosA®; component may also be replaced
with other even harmonic components such as fourth,
sixth, . . . harmonic components. The cosA®; compo-
nent need not always. be extracted by the synchronous
detector 25 but instead it may also be obtained by ex-
tracting a desired even harmonic component from the
output of the photodetector 17 through use of a filter
and rendering the detected output into DC form. Al-
though in the above description only the second-degree
term in Eq. (7) is used for generating the correcting
signal V¢, one of the other terms can be used. For exam-
ple, in the case where the accuracy of correction may
be sacrificed to some extent, the use of the first-degree
term C1V permits the formation of the correcting signal
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generator 27 by only an amplifier and makes it possible
to manufacture the sensor at low cost.

FI1G. 8 illustrates an embodiment according to the
second aspect of the present invention. In this embodi-
ment which utilizes a method disclosed in Japanese
Patent Application Laid Open No. 62-12811, a third
harmonic component is extracted, as the sine compo-
nent (an odd harmonic component), by the synchronous
detector 18 to obtain the FOG output, and at the same
time, second and fourth harmonic components are ex-
tracted, as the cosine components (even harmonic com-
ponents), by synchronous detectors 235 and 41 and these
even harmonic components are used to stabilize the
Bessel function contained in the odd harmonic compo-
nent and then the scale factor is stabilized by following
the present invention.

A third harmonic component of the phase modula-
tion frequency f;, i1s converted into a DC signal by the
synchronous detector 18 including a low-pass filter
using the reference signal S; from the reference signal
generator 24. The output DC signal corresponding to
the third harmonic component is provided, with a
proper gain, as the FOG output V3 to the output termi-
nal 21. The FOG output V3 is expressed by the follow-
ing equation:

(25)

V3 I. KﬂprdJ3(X)KA3 - SInAD;

K3 - sinAdy,
where K 43 is the gain of the electrical circuit.

Incidentally, the proportional coefficients (or ampli-
tudes) K; and K3 of the sine components of odd har-
monic components which are obtained by synchronous
detection as indicated by Eqs. (4) and (25) are depen-
dent on the value of the variable X of the Bessel func-
tion as mentioned previously. Hence, in the above-men-
tioned Japanese Patent Application Laid Open No.
62-12811 an automatic control loop is formed which
controls the modulation index A in the phase modulator
16 so that Bessel functions J2(X) and J4(X) are essen-
tially equal to each other, that is, the second and fourth
harmonic components in the output of the photodetec-
tor 17 are essentially equal to each other, by performing
the phase modulation at the intersection (X =4.2) of the
Bessel functions J2(X) and J4(X) where the Bessel func-
tion J3(X) is maximum, as shown in FIG. 9. This will
hereinafter be described.

At first, the second harmonic component of the phase
modulation frequency in the output of the photodetec-
tor 17, expressed by Eqg. (2), is synchronously detected
by the synchronous detector 25 (including a low-pass

filter) with a reference signal Sy, of a frequency 2f,, and

the fourth harmonic component is synchronously de-
tected by the synchronous detector (including a low-
pass filter) 41 with a reference signal Sy of a frequency
4f,,. The respective outputs Vs and Vaiconverted by the
synchronous detection into DC levels are expressed by
the following equations:

Vy = I KopKpala(0K 12 - cosh®s (26)
= Kj.cosAd,
27)
Ve = I KupraJ-i(X)KAdf Y CGS&?S -

K4 - cosAD,,

where K 47 and K 44 are gains of electrical circuits.
Next, the output V; of the synchronous detector 25 is
fed to a non-inverting input side of a differential ampli-
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fier 42 and the output V4 of the synchronous detector 41
is fed to an inverting input side of the differential ampli-
fier 42. The output of the differential amplifier 42 is
applied to an integrator 43. The phase modulation
driver 22 has a construction such that it increases the
modulation index A and consequently the value X by
increasing, on the basis of a positive signal from the
integrator 43, the voltage of the modulator drive signal
S, of the drive frequency f, which is applied to the
phase modulator 16, and it decreases the modulation
index A and consequently the value X by decreasing, on
the basis of a negative signal from the integrator 43, the
voltage of the modulator drive signal S, of the drive
frequency f,, which is applied to the phase modulator
16. The modulation driver 22 constitutes the above-
mentioned automatic control loop. Thus, in this em-
bodiment the voltage of the modulator drive signal S,
which 1s fed to the phase modulator 16 is controlled by
the modulator driver 22 so that when the output of the -
differential amplifier 42 is zero, that is, when V,=V4
(the coefficients Kj and K4 being pre-adjusted so that
they are equal to each other), the Bessel functions of the
first kind J2(X) and J4(X) take the same value, that is,
the value X is about 4.20.

The value of the Bessel function J3(X) can be stabi-
lized by fixing the value X as mentioned above, but the
optical loss Kgp in Eq. (25) which expresses the FOG
output V3is likely to vary around 30% with a tempera-
ture change within the range of —20° C. to +4-70° C. In
view of this, according to the present invention, the
second and fourth harmonic component outputs V3 and
V4 of the synchronous detectors 25 and 41 are added at
a predetermined ratio and the quantity of light I that is
emitted from the light source 11 or the gain of the out-
put from the photodetector 17 is controlled so that the
added output (hereinafter referred to as a composite
cosine component) becomes equal to the reference volt-
age. That 1s, the synchronous detector outputs V3 is
amplified by a factor of K, in an amplifier 44 and is then
added to the synchronous detector output V3 in the
adder 28. The composite cosine component Vs which is
the output of the adder 28 is expressed by the following
equation:

Vs=Va+Km. V3. (28)
Now, pre-adjusting the gains K43 and K44 such that
K=K n.Kpi=K44.Kps, Eq. (28) is expressed by the

following equation using Egs. (26) and (27): |

(29)

Vs LK H(X) + KmJa(X)]cosAdy

IK « F{X)cosAd,.

Now, calculating the bracketed value F(X) in Eq. (29)
with K, set to 2.06, it is maximum at the position where
X =4.20 as indicated by the curve F(X) in FIG. 9 and
the value F(X) is stable with respect to a variation in X
at the peak of the curve. That is, the Bessel function
J3(X) which is used in the FOG output also becomes
maximum at the same position as that where the value
F(X) is maximum. Accordingly, the composite cosine
component Vs given by Eqg. (29) can be used as a
cosA®P,;component stable with respect to the value X in
the fiber optic gyro which has an operating point of
X=4.20. The output Vs of the adder 28, which is stable
with respect to the value X is differentially operated by
the differential amplifier 31 with the reference voltage

L}
Jur——
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V g from the reference voltage generator 32. The output
Ve of the differential amplifier 31 is given as follows:

Ve (30)

VR — Vs

= Vg — IK - F(X) - cosAdy.
The output Ve of the differential amplifier 31 is applied
to the integrating filter 33 and its output is fed to the

light source driver 23 to control the quantity of light T

that 1s emitted from the light source 11. Assuming that
Ver=IK.F(X)=KRr s set at the initial stage, the output
Ve given by Eq. (30) is zero when no input angular rate
is being applied to the optical fiber coil 15, that is, the
phase difference AP, between the CW and CCW light
beams in-the optical fiber co1l 15 is zero. Now, suppose
that the quantity of light I, which reaches the photode-
tector 17 has been decreased owing to an ambient tem-
perature change. In such an instance, the output Ve
becomes a positive voltage. Let it be assumed that the
integrating filter 33 yields a positive integrated voltage
when supplied with the positive voltage. The light
source driver 23 i1s so constructed as to increase the
quantity of light from the light source 11 by the applica-
tion of the positive integrated voltage, and it is con-
trolled so that the input to the integrating filter 33, that
1s, the output Ve of the differential amplifier 31 is al-

ways zero. In consequence, the following equation
holds:

VeR=I,K.F{X).cosAd,. 3D

Hence, by setting K=X,4.K 43 and substituting the rela-

tionship of Eq. (31) and the relationship of I, =K,/

into Eq. (25), the FOG output V3 is expressed as fol-
lows:

V3 = {VRJ:(X)/[F(X) - cosAD]}sinAd; (32)
= {VRrJ3(X)/ R X)}tanAds. (33)

As 1s evident from Eq. (32), the FOG output V3 does
not mnclude the term of the quantity of light I, reaching
the photodetector 17 nor does it include the gains K 43,
K 43, K44, Kop, Kpg, €tc. which have temperature depen-
dence. In addition, since the value X is also fixed as
referred to previously, it is possible to offer a fiber optic
gyro which has a scale factor stable with respect to
ambient temperature changes.

Incidentally, in the construction of FIG. 8, since the
FOG output V3 is obtained as a value proportional to
the tanA®; component as expressed by Eq. (33), the
linearity of the FOG output with respect to the input
angular rate () is particularly poor when the input angu-
lar velocity 1s large. FI1G. 10 shows the principal part of
a modified form of the FIG. 8 embodiment which is

intended to improve the linearity of the FOG output.
- In the construction depicted in FIG. 10, the FOG
output V3 and the output Vs of the adder 28 in FIG. 8
are squared by multipliers 27 and 45, respectively, and
their outputs are added together by the adder 29. The
multiplier 27 performs the function of the correcting
signal generator 27 in the FIG. 7 embodiment and
squares the FOG output V3 and outputs it as the cor-
recting signal Vc. The output Vss of adder 29 is ex-

pressed by the following equation:
Vss=Ks*(sin?A®Ps+costAd)=Ks (34)

In this case, the respective gains are initialized such that

d
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LK{(X0) + Kndal0)} (35)

= I,K-HFX) = Ks.

The output Vss of the adder 29 is compared by the
differential amplifier 31 with the reference voltage Vg
from the reference voltage generator 32, and the resuli-
ing error signal Ve is fed to the integrating filter 33. The
output of the integrating filter 33 is supplied to the light
source driver 23 to form a negative feedback control
loop so that the error Ve is reduced to zero, providing
Ks?=VR. As a result, by substituting Eq. (35) into Eq.
(25), the FOG output V3 can be expressed as follows:

16K paK 43J3(X)

-E—
Wil

36

V3 = Ks - sinA®; = \l Vr - sinAdg N
As can be seen from Eq. (36), the FOG output V3 is
stabihzed independently of the quantity of light I,. In
addition, the sinA®; component is higher than the
tanAd; component in the accuracy of approximation to
the value of the phase difference A®sand provides the

- FOG output of an excellent linearity. Hence, the FOG
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output obtainable with the FIG. 10 embodiment is more
excellent 1n linearity than the FOG output in the FIG.
8 embodiment which is expressed by Eq. (33).

FIG. 11 illustrates the principal part of another modi-
fication corresponding to the FIG. 10 embodiment. As
in the case of FIG. 7, the FOG output V3 is squared by
the multiplier 27A and the multiplied output is ampli-
fied by a factor C, in the amplifier 27B to obtain the
signal V¢, which is applied as a correcting signal to the
adder 29, wherein it 1s added to the composite cosine
component Vs from the adder 28 (FIG. 8). The output

Vs of the adder 29 is expressed by the following equa-
tion:

Vss=Vs+ Ca. V32 (37)
By pre-adjusting and setting respective gains so that Eq.
(35) holds as is the case with FIG. 10, Eq. (37) is ex-
pressed as follows:

Vss= Ks(CyKs.sin?ADs+ cosAdy). (38)
The output Vss from the adder 29 is compared by the
differential amplifier 31 with the reference voltage Vg
from the reference voltage generator 32, and the result-
ing error signal Ve is fed to the integrating filter 33. The
output of the integrating filter 33 is supplied to the light
source driver 23 to form the negative feedback control
loop, providing Vss=V r. Eq. (38) is solved in the same
manner as 1n the case of Eq. (21) in the embodiment of
FIG. 7, and consequently, the FOG output V3 is also
expressed 1n the same manner as in the case of Eq. (23)
and 1ts linearity is also expressed as is the case with Eq.
(24).

FIG. 12 illustrates in block form the principal part of
still another modification corresponding to the FIG. 11
embodiment. The correcting signal generator 27 is com-
prised of an absolute value circuit 27C and an amplifier
27B, and only the first-order term C1V in Eq. (7) is used.
The FOG output V3 is rendered by the absolute value
circuit 27A into an absolute value, which is amplified by
a factor of Ci in the amplifier 27B to obtain the correct-
ing signal Vc. The correcting signal Vc and the output
Vs from the adder 28 (FIG. 8) are added together by the

adder 29. The output Vss of the adder 29 is expressed by
the following equation:
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Vss=Vs+ C1/V3/. (39)
By pre—adjustiﬁg and setting respective gains so that Eq.

(35) holds as in the case of the FIG. 10 embodiment, Eq.
(39) is given as follows:

Vss=Ks(C1/sinA®y/ 4+ cosADy). (40)
The output Vss from the adder 29 1s compared by the
differential amplifier 31 with the reference voltage Vg
from the reference voltage generator 32 as in the above,
and the resulting error signal Ve 1s provided to the
integrating filter 33. The output of the integrating filter
33 is applied to the light source driver 23, establishing a
feedback control loop which operates so that the error
signal Ve is reduced to zero. Accordingly, the FOG
output V3 is expressed by the following equation:

V3={VR/(C1/sinA®y/ +cosAd ) }sinAds. (41)
As will be appreciated from Eq. (41), also in this em-
bodiment the FOG output has nothing to do with the
quantity of light I,, and hence the scale factor is stable.
Moreover, the linearity can be improved by a suitable
selection of the coefficient C;.

In the embodiments of FIGS. 8, 10, 11 and 12 the
output of the integrating filter 33 1s fed back to the light
source driver 23, but the same results as those described
above could also be obtained by employing a construc-
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tion wherein the automatic gain control circuit 39 is

disposed at the output stage of the photodetector 17 as
indicated by the broken line 1n FIG. 8 and the output of
the integrating filter 33 is fed back to the automatic gain
control circuit 39 to control its gain. In the embodi-
ments of FIGS. 11 and 12 the amplifier 27B may also be
inserted in the path of the signal Vs as indicated by the
broken line. |

In the above-described embodiments the optical cou-

35

plers 12 and 14 and the phase modulator 16 may also be 45

formed by optical IC’s.

As described above, according to the first aspect of
the present invention, the sine and cosine components
of the Sagnac phase difference A®d; are detected from

the output of the photodetector 17, the sine component 45

is provided as the FOG output, a correcting signal is
derived from the sine component, the cosine component
1s used to form a feedback loop for stabilizing the scale
factor, and the correcting signal is introduced into the
feedback loop. By this, the linearity of the FOG output
can be improved. According to the second aspect of the
present invention, the sine component and two cosine
components of the Sagnac phase difference A®;in the
output of the photodetector 17 are detected and the sine
component is used as the FOG output. On the other
hand, by controlling the modulation index of the phase
modulator 16 so that the two cosine components are
equal to each other, the variable X of the Bessel func-
tion 1s fixed at a constant value, and by adding the two
cosine components at a predetermined ratio, the com-
posite cosine component is produced. The composite
cosine component 1s used to form the feedback loop for
stabilizing the scale factor, by which it is possible to
make the scale factor stable with respect to a tempera-
ture change.

It will be apparent that many modifications and varia-
tions may be effected without departing from the scope
of the novel concepts of the present invention.

30

35

60

65

16

What is claimed is:
1. An optical-interference type angular velocity sen-
SOr comprising:
an optical path forming at least one loop;
branch means for splitting a light beam from light
source means into two beams that propagate

through said optical path as clockwise and counter-
clockwise light beams;
interference means for effecting an interference be-

tween the clockwise and the counterclockwise
light beams that have propagated through said
optical path;

phase modular means disposed in cascade between

said branch means and one end of said optical path,
for phase modulating the clockwise and the coun-
terclockwise light beams;

photodetector means for detecting the intensity of the

interfered light produced by said interference
means and providing an electrical signal represen-
tative of said intensity:;

first demodulator means for demodulating, from said

electrical signal, a sine component of a Sagnac
phase difference A®swhich is caused by an anguiar
velocity applied to said optical path around its axis
to obtain an output of said angular velocity sensor,
from which output said angular velocity is de-
tected:

second demodulator means for demodulating a cosine

component of said Sagnac phase difference AP,
from said electrical signal;

means for generating a scale factor stabilizing signal

on the basis of said cosine component from said
second demodulator means;

correcting signal generating means for generating a

correcting signal for use in improving the linearity
of the output of said angular velocity sensor, said
correcting signal being generated on the basis of an
integral expression in which said sine component
from said first demodulator means is used as a vari-
able;

adder means for adding said correcting signal to said

scale factor stabilizing signal;

reference signal generating means for generating a

reference signal;

comparator means for comparing the output of said

adder means with said reference signal and for
generating an error signal; and

feedback loop means for controlling the level of said

electrical signal applied to said first and second
demodulator means so that said error signal is re-
duced to zero.

2. The angular velocity sensor of claim 1, wherein
said scale factor stabilizing signal generating means is
means for generating the squared sum of said cosine and
sine components and for providing it to said adder
means.

3. The angular velocity sensor of claim 1 wherein said
integral expression for generating said correcting signal
1s 2 polynomial of n-th degree of said sine component in
which said sine component is used as a wvariable,
wherein n=1, 2, 3, .. ..

4. The angular velocity sensor of claim 3 wherein said
correcting signal is generated by finding a coefficient
for each term of said polynomial by use of a least -
squares method and by multiplying the maximum coef-
ficient among the coefficients found by n-th power of
said sine component of the term having said maximum
coefficient.
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5. The angular velocity sensor of claim 3 wherein said
correcting signal is generated by finding a coefficient
for each term of said polynomial by use of a least
squares method. |

6. The angular velocity sensor of claim 3 wherein said
correcting signal is generated by finding a coefficient
for each term of said polynomial by use of a least
squares method and by multiplying the coefficient

found for one term of said polynomial by the absolute -

value of the n-th power of said sine component of said
one term.

7. The angular velocity sensor of claim 1, wherein
.sa1d light source means includes a light source for emit-
ting said light and a light source driver for driving said
hight source, and said feedback loop is means for con-
trolling said light source driver on the basis of said error
signal to thereby control the quantity of light that is
emitted from said light source.

8. The angular velocity sensor of claim 1, wherein
sald feedback loop means includes gain control means
inserted at the output side of said photodetector means,

10
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said feedback loop means being means for controlling

said gain control means on the basis of said error signal
to thereby control the level of the output electrical
signal of said photodetector means. -

9. An optical-interference type angular velocity sen-
sor wherein light from light source means is branched
by branch means into clockwise and counterclockwise
light beams for propagation through an optical path
forming at least one loop, said clockwise and counter-
clockwise light beams, after having propagated through
said optical path, are caused by interference means to
interfere with each other, said clockwise and counter-
clockwise light beams are phase modulated by phase
modulator means disposed between said branch means
and one end of said optical path, the intensity of the
interference light is detected by photodetector means as
an electrical signal, and a sine component of a Sagnac
phase difference A®dswhich is caused by an angular rate
applied to said optical path around its axis is demodu-
lated by sine component demodulator means from said
electrical signal, thereby detecting said angular rate,
said optical-interference type angular rate sensor com-
prising:

first and second cosine component demodulator

means for demodulating first and second cosine
components of said Sagnac phase difference Ad,
from said electrical signal:
first subtractor means for calculating the difference
between said first and second cosine components;

modulation control loop means for controlling, on
the basis of the output of said first subtractor
means, a modulation index of said phase modulator
means so that said first and second cosine compo-
nents become equal to each other:
cosine component combine means for combining said
first and second cosine components at a predeter-
mined ratio into a composite cosine component;

comparator means for comparing a signal corre-
sponding to satd composite cosine component with
a predetermined reference value for generating an
error signal; and
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level control feedback loop means whereby the level
of said electrical signal which is applied to said first
and second cosine component demodulator means
and said sine component demodulator means is
controlled so that said error signal is reduced to
ZEero.

10. The angular velocity sensor of claim 9, which
further comprises correcting signal generating means
for generating a correcting signal on the basis of said
sine component and adder means for adding said cor-
recting signal to a signal corresponding to said compos-
ite cosine component and for providing the added out-
put to said comparator means.

11. The angular velocity sensor of claim 10, wherein
said correcting signal generating means is means for
outputting the square of said sine component as said
correcting means and said adder means is means for
adding the square of said composite cosine component,
as a signal corresponding to said composite cosine com-
ponent, to said correcting signal.

12. The angular velocity sensor of claim 10, wherein
saild correcting signal generating means includes means
for generating the square of said sine component and
said adder means is means for adding the square of said
sine component and said composite cosine component
at a predetermined ratio and for applying the added
output to said comparator means as a signal correspond-
ing to said composite cosine component.

13. The angular velocity sensor of claim 10, wherein
sald correcting signal generating means includes abso-
lute value means for generating the absolute value of
said sine component and said adder means is means for
adding the output of said absolute value means and said
composite cosine component at a predetermined ratio
and for applying the added output to said comparator
means as a signal corresponding to said composite co-
sine component.

14. The angular velocity sensor of claim 9 or 10,
wherein said light source means includes a light source
for emitting said light and a light source driver for
driving said light source and said level control feedback
loop means is means for controlling said light source
driver on the basis of said error signal to thereby control
the quantity of light that is emitted from said light
source. |

15. The angular velocity sensor of claim 9 or 10,
wherein said level control feedback loop means in-
cludes gain control means inserted at the output side of
said photodetector means, said level control feedback
loop means being means for controlling said gain con-
trol means on the basis of said error signal to thereby
control the level of the output electrical signal of the
photodetector means.

16. The angular velocity sensor of claim 9 or 10,
wherein said first and second cosine components are
second and fourth harmonic. components of a phase
modulation frequency, said sine component is a third
harmonic component of said phase modulation fre-
quency and satd cosine component combine means is
means for adding said first and second cosine compo-
nents in the ratio 1:2.06 to obtain said composite cosine

component.
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